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Abstract
Strong, ductile, and irradiation-tolerant structural materials are in urgent demand
for improving the safety and efficiency of advanced nuclear reactors. Amorphous
ceramics could be promising candidates for high irradiation tolerance due to thermal stability and lack of crystal defects. However, they are very brittle due to plastic flow instability. Here, we realized enhanced plasticity of amorphous ceramics
through compositional and microstructural engineering. Two metal–amorphous
ceramic composites, Fe-SiOC and Cu-SiOC, were fabricated by magnetron sputtering. Iron atoms are preferred to form uniformly distributed nano-sized Fe-rich
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amorphous clusters, while copper atoms grow non-uniformly distributed nanocrystalline Cu particles. The Fe-SiOC composite exhibits high strength and plasticity associated with strain hardening, as well as a good thermal stability and irradiation tolerance. In contrast, the Cu-SiOC composite displays a very low plasticity
and poor thermal stability. These findings suggest that the metal constituents play
a crucial role in developing microstructure and determining properties of metal–
amorphous composites.

Introduction
To meet the rapidly increasing demands for future nuclear energy, strong,
ductile, and irradiation- tolerant core structural materials are in urgent
demand for improving the safety and efficiency of advanced nuclear reactors.1–4 Polycrystalline materials such as austenitic steels have great
potential for use in fast reactors but could not reliably serve beyond
~150 displacements per atom (dpa).5,6 Ferritic and ferritic-martensitic (FM)
steels have been found to swell much less than austenitic steels.7 Nanostructuring of both austenitic and FM steels appears to be a promising
avenue for further improvement of swelling resistance, providing that
such structures are stable under irradiation.8 Advanced oxide dispersionstrengthened alloys were found to be a promising core structural material, but amorphization and dissolution of oxide particles under high dpa
irradiation challenges potential applications.9–11 Interfaces (interphase
boundaries and grain boundaries) between the metal matrix and nanoscale oxides in oxide dispersion- strengthened steel systems prove to
benefit swelling resistance and creep resistance.12 Interfaces in nanoscale
materials have shown strong defect sink strength and the ability to suppress He bubble formation.13,14 However, all of these do not change the
intrinsic issue—radiation-induced damage in crystalline materials.
In contrast to crystalline materials, amorphous materials could be
very promising candidates for high radiation tolerance since they do
not contain conventional crystal defects, such as vacancies, interstitials, or dislocations which evolve in crystalline materials under irradiation. Recent studies indicate that amorphous silicon oxycarbide (SiOC)
ceramic displays excellent irradiation tolerance, thermal stability and
mechanical properties.15–19 For instance, amorphous SiOC ceramics can
retain their amorphous structure without crystallization, void formation or segregation under ion irradiation doses up to 50 dpa at temperatures up to 600°C.15,18,20–22 Amorphous SiOC has also been shown
to have a high crystallization temperature (over 1300°C), good oxidation and creep resistance.23–28
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Amorphous ceramics, however, exhibit ‘brittle-like’ behavior due to
plastic flow instability, though they in general exhibit superior thermomechanical properties with respect to strength and hardness, creep and
oxidation resistance, and structural stability at high temperatures and irradiation. Experimental and modeling studies have revealed that amorphous materials plastically deform via shear transformation zones at
small deformation and shear banding at large deformation.29–35 The shear
transformation zones mechanism is connected to microstructural heterogeneities (i.e., statistical heterogeneities such as statistically distributed
free volume) in amorphous material. The shear instability associated with
formation and propagation of shear bands is ascribed to statistically occurring, spatially homogeneous nucleation of shear transformation zones
and their coalescence.30,31,36,37
Improving the plasticity of amorphous materials can be realized
through composition engineering and microstructural engineering.38
However, composition engineering does not change the intrinsic issue
of amorphous materials, i.e., shear banding, though their plasticity can
be improved to some extent. In contrast to composition engineering, microstructural engineering shows more promise for tailoring the mechanical properties of amorphous materials. Crystalline/amorphous and amorphous/ amorphous multilayers may exhibit either uniform deformation
or flow localized in discrete shear bands, depending on the thickness of
individual layers and the type of interfaces between the layers.39–41 In addition to laminar microstructure, another approach to preventing flow
localization is to combine phases with distinct flow localization behavior in a single composite with crystalline/amorphous phases,42,43 or gradient or bimodal microstructures.44–47 When deformed, such composites
develop limited regions of flow localization. However, the alternation of
flow localizing and uniformly deforming phases in the composite impedes individual flow-localized zones from extending across the entire
length of the material.
In the present work, we synthesized metal-SiOC composites using
co-sputtering techniques which couple microstructure engineering with
composition engineering. Microstructural characterization revealed the
formation of metal-rich nanosized clusters in amorphous SiOC. Two metal
elements, Fe and Cu, were selected to investigate the distribution and
phase structure of the metal-rich nanosized clusters in the SiOC amorphous matrix, and their corresponding influence on thermal stability and
mechanical properties. Fe-SiOC composites, with uniformly distributed
nano-sized Fe-rich amorphous clusters, exhibited high strength and plasticity and corresponding strain hardening, as well as a good thermal
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stability, while Cu-SiOC composites, with non-uniformly distributed nanocrystalline Cu particles, exhibited brittle behavior and poor thermal stability. In addition, the Fe-SiOC composite also displayed a good irradiation tolerance.
Experimental Procedures
Amorphous SiOC films were synthesized through radio frequency (RF)
co-sputtering SiO2 and SiC targets by magnetron sputtering techniques
at room temperature onto Si substrates with a 300-nm SiO2 surface layer.
The Fe-SiOC and Cu-SiOC composites were fabricated by the co-deposition of pure Fe and Cu, respectively, which can result in the synthesis
of an amorphous SiOC ceramic containing Fe/Cu solute atoms because
of the low deposition temperature. The content of Fe or Cu is controlled
by tilting the Fe or Cu gun towards or away from the substrate. Here, we
fabricated a Fe-SiOC film with the Fe content of 22 at.%, and a Cu-SiOC
film with the Cu content of 21 at.%, which were measured by Rutherford
backscatter spectroscopy. The thickness of the as-deposited films was approximately 5 μm. A portion of the as-deposited Fe-SiOC and Cu-SiOC
composite films were then annealed at 800°C for 1 h in vacuum. In addition, a portion of the as-deposited Fe-SiOC composite films were subjected to Cu ion irradiation to damage levels of 0.5 dpa at room temperature. Based on the Stopping and Range of Ions in Matter calculation,
we conducted a series of Cu ion irradiations of different energies (1 MeV,
2 MeV, 3 MeV, 4 MeV, 5 MeV) which generated a nearly uniform distribution of damage throughout the top 3-μm films, and the maximum
amount of implanted Cu in the irradiated layer was estimated to be less
than 0.02 at.%.
The microstructures of the SiOC, Fe-SiOC, and Cu-SiOC films were analyzed using multiple techniques. Cross-sectional and plan-view specimens were prepared for observation by transmission electron microscopy (TEM) (A FEI Tecnai G2 F20) and scanning electron microscope (SEM)
coupled with energy dispersive spectroscopy (EDS). Specimens for TEM
observation were made by grinding and polishing followed by low-energy (3.5 keV) ion-milling. The micro-pillars with diameters of around 2
μm were fabricated from films by using focused ion beam methods. The
height-to-diameter ratio of each pillar was around 2–3. In situ SEM microcompression tests were performed on the micropillars at room temperature using a PI85 PicoIndenter (from Hysitron) with a flat punch diamond
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tip under displacement-control mode at a loading rate of 5 nm/s. Three
pillars for each material were subjected to micro-compression tests to
confirm reproducibility.
Results and Discussion
Figure 1a shows the typical cross-sectional TEM bright-field (BF) image of
the as-deposited amorphous SiOC film. Clearly, many nano-scale voids
distributed along the growth direction of the SiOC film are formed during sputtering. The selected-area electron diffraction (SAED) pattern inserted in Fig. 1a distinctly displays the typical amorphous halo, implying

Fig. 1. Microstructures and mechanical properties of the as-deposited amorphous
SiOC film. (a) Cross-sectional TEM micrograph of the SiOC, with the corresponding SAED pattern inset. (b) Room-temperature engineering stress–strain curve of
the micro-pillar fabricated from SiOC film. SEM images of the micro-pillar (c) before and (d) after compression tests.
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the amorphous structure of the SiOC film. Figure 1b shows the representative room-temperature engineering stress–strain curve of the micropillars fabricated from the as-deposited amorphous SiOC film. Figure 1c
and d shows the corresponding SEM images of the micro-pillar before
and after micro-compression test, respectively. The as-deposited SiOC
pillar exhibited catastrophic brittle fracture under compression. The poor
plasticity can be attributed to the formation of numerous voids due to
shadowing effects during film deposition.48
In order to eliminate the voids and introduce metal solute atoms in
the amorphous SiOC film, we co-sputtered Fe or Cu, which due to their
high diffusivity resulted in relatively void-free amorphous SiOC. Figure
2 shows the typical cross-sectional TEM BF, scanning TEM (STEM) and
high-resolution TEM (HRTEM) images of the two amorphous SiOC films
containing 22 at.% of Fe (Fig. 2a1, a2, and a3) and 21 at.% of Cu (Fig. 2b1,
b2, and b3), respectively. The voids are successfully removed in both films.

Fig. 2. Microstructure characterization of the as-deposited (a1–a4) Fe-SiOC and (b1–
b4) Cu-SiOC films using multiple techniques. (a1, b1) TEM BF image; (a2, b2) STEM
images; (a3, b3) HRTEM images; and (a4, b4) FFT/SAED patterns.
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The Fe-SiOC and Cu-SiOC composites exhibited quite different microstructures. The STEM and HRTEM characterizations of the Fe- SiOC composite demonstrated the formation of uniformly distributed nano-sized
Fe-rich clusters in the amorphous ceramic matrix (Fig. 2a2 and a3). The
corresponding fast Fourier transform (FFT) pattern in Fig. 2a4 distinctly
shows the amorphous halo, indicating that no crystalline phases form
in the composite amorphous ceramic. In contrast, for the Cu-SiOC composite, large numbers of crystalline Cu nano-particles are non-uniformly
distributed in the amorphous ceramic matrix, exhibiting a columnar distribution along the growth direction of the film, as evidenced in Fig. 2b1,
b2, and b3. Figure 2b4 presents the ring diffraction pattern from the Cu
nano-particles, showing a face-centered cubic crystal structure. During
sputtering, Fe and Cu atom segregation occurs in the amorphous SiOC
ceramic, filling the voids accompanied by nano-sized Fe-rich clusters
and crystalline Cu nano-particles, respectively, in order to reduce the
chemical potential compared to a homogeneous distribution of individual metal solute atoms.
Figure 3a and b shows the top-view and a cross-section view (inserted at the top-right) SEM (or STEM inset in Fig. 3a) images of the FeSiOC and Cu-SiOC composites after vacuum annealing at 800°C for 1 h,
respectively. There are no microstructure changes in the annealed FeSiOC composite, where Fe atoms remain in the amorphous matrix (Fig.
3a), indicating the composite’s good thermal stability. In contrast, Cu atoms in the Cu-SiOC composite diffuse to the surface of the film, leading to the formation of numerous micro-sized Cu particles and nanowires (Fig. 3b). As shown in the cross-sectional view SEM image inserted
at the top-right of Fig. 3b, column boundaries may provide a diffusion
channel for Cu atoms during the annealing process. The photograph inserted at the lower-left of Fig. 3b shows the Cu-SiOC sample before and
after annealing, confirming the presence of Cu at the surface of the annealed film. The SEM–EDS mapping images in Fig. 3c–f further confirm
the formation of Cu particles and nanowires at the surface of the annealed Cu-SiOC composite, where both the particles and nanowires are
enriched in Cu but poor in Si and O. The annealing-induced Cu diffusion
from the amorphous matrix to the free surface can be explained as follows. Cu atoms have a relatively low bond energy with Si, O and C atoms
(Cu-Si: 224 kJ/mol; Cu-O: 287 kJ/mol, Cu-C: 45 kJ/mol), which is much
lower than that of Fe atoms (Fe-Si: 310 kJ/mol, Fe-O: 407 kJ/mol; Fe-C:
390 kJ/mol).49,50 In addition, Cu atoms do not preferentially react with Si,
O and C atoms to form compounds in the amorphous matrix at 800°C.
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Fig. 3. Microstructures of the Fe-SiOC and Cu-SiOC films after annealing at 800°C
for 1 h. (a) The plan-view SEM image of the annealed Fe-SiOC, with the cross-section view STEM image inset. (b) The plan-view SEM image of the annealed Cu-SiOC,
with the cross-section view SEM image inserted at the top-right, and the photograph of the macro-sample before and after annealing inserted at the down-left.
(c) The enlarged SEM image of a the annealed Cu-SiOC film, and the (d), (e) and (f)
elemental mapping of the outlined area in (c), showing that particles and nanowires are enriched in Cu but poor in Si and O.

Thus, Cu atoms in the amorphous matrix are unstable at high temperatures, segregating at voids and diffusing to free surface of the film during annealing. Moreover, the columnar distribution of Cu in the amorphous matrix provides a rapid diffusion channel for Cu atoms during
annealing. However, Fe atoms are strongly trapped in the amorphous
SiOC matrix because of the strong bond strength and the easy formation of compounds between the Fe and Si/O/C atoms. Therefore, the Fe
atoms still stay in the amorphous matrix in the form of Fe-rich particles
after annealing (inset in Fig. 3a).
The mechanical response of the Fe-SiOC and Cu- SiOC composites
was examined systematically using in situ micro-pillar compression testing inside a SEM (Supplementary Movie S1–S5), as demonstrated in Figs.
4 and 5. Figure 4a and d shows the representative room-temperature
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Fig. 4. Mechanical response of the micro-pillars fabricated from Fe-SiOC and CuSiOC composites in as-deposited and annealed states. Engineering stress–strain
curves of (a) Fe-SiOC and (d) Cu-SiOC composites. The corresponding SEM snapshots captured at different strains (e) during in situ tests for (b1–b3) as-deposited
Fe-SiOC, (c1–c3) annealed Fe-SiOC, (e1–e3) as-deposited Cu-SiOC, and (f1–f3) annealed Cu-SiOC.

engineering stress–strain curves of the micro-pillars fabricated from the
as-deposited and annealed Fe-SiOC and Cu-SiOC composites. Figure 4b,
c, e, and f are the corresponding SEM snapshots captured at different
strains (e) during in situ testing. As compared to the brittle-like behavior
observed in the as-deposited SiOC, the as-deposited Fe-SiOC composite displays a substantial increase in plasticity and flow strength (Fig. 4a).
The uniform compressive strain of the as-deposited Fe-SiOC composite
reaches 25%, and the flow strength exceeds 4 GPa. Based on the snapshots taken during in situ micro-compression testing (Fig. 4b1, b2 and b3),
we found that the as-deposited Fe-SiOC composite shows a good strainhardening capacity and even a good resistance to crack propagation.
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Fig. 5. Mechanical response of the micro-pillars fabricated from Fe-SiOC composited after irradiation to 0.5 dpa. (a) Engineering stress–strain curve. (b1–b4) The
corresponding SEM snapshots captured at different strains (e) during in situ tests.

Annealing further increases the flow strength of the Fe-SiOC composite
(Fig. 4a), and the annealed sample exhibits homogeneous plastic deformation associated with a significant strain hardening (Fig. 4c1, c2 and c3).
These results indicate that the introduction of amorphous Fe-rich nanoclusters in the amorphous SiOC can enable the design of amorphous ceramics that plastically deform, and even accompanied by homogeneous
strain hardening. By contrast, the Cu-SiOC composite exhibits a quite different mechanical response. As shown in Fig. 4d, although the as-deposited Cu-SiOC composite exhibits a slight increase in compressive strain
before fracture as compared with SiOC film, its flow strength is reduced
substantially by about 1.0 GPa. Furthermore, when the maximum compressive stress is reached, around 3 GPa, the as-deposited Cu-SiOC composite displays abrupt comminuted fracture (see Fig. 4e1, e2 and e3 and
Supplementary Movie S3). Annealing does not improve the mechanical
properties of the Cu-SiOC composite. As shown in Fig. 4d, the annealed
Cu-SiOC composite possesses a similar flow strength to the as-deposited Cu-SiOC, and a slight increase in compressive strain. This increased
strain is attributed to the plastic deformation of Cu particles on the surface, which contributes to the initial compressive strain in the annealed

K. Ming et al. in JOM 2019

11

sample, as indicated in Fig. 4d inset and f3. Cracks are also observed in
the annealed Cu- SiOC (Fig. 4f3) at the maximum flow stress, which propagates along the columnar structure in the amorphous matrix, also parallel to the loading direction. The catastrophic fracture in both the as-deposited and annealed Cu-SiOC composites suggests that the interfaces
between crystalline Cu nano-particles and the amorphous matrix are very
weak, and thus act as nucleation sites for cracks. The columnar distribution of Cu in the amorphous matrix facilitates the rapid propagation of
cracks, leading to catastrophic fracture. The above results indicate that
introducing Fe atoms in the amorphous SiOC ceramic matrix enhances
the mechanical properties of the amorphous SiOC ceramic.
In addition to high strength, plasticity and thermal stability, the amorphous Fe-SiOC composite also exhibits good irradiation tolerance. After
irradiation to 0.5 dpa, the Fe-SiOC composite has uniformly distributed
nano-sized amorphous Fe-rich clusters in an amorphous matrix, showing no change in microstructure as compared to the as-deposited FeSiOC composite. Figure 5a shows the engineering stress–strain curve of
the micro-pillars fabricated from the irradiated Fe-SiOC composite. Figure 5b shows the corresponding SEM snapshots captured at different
strains (e) during in situ testing. The irradiated Fe-SiOC composite exhibits a high flow strength (exceeding 4 GPa), high plasticity (compressive
strain> 40%) and strain hardening. Figure 5b1, b2, b3 and b4 shows that
the pillar is compressed to a barrel-like shape without cracking or fracture, indicating exceptional deformability. These results indicate that the
Fe-SiOC composite displays high microstructural and mechanical stability under ion irradiation. The good irradiation tolerance of the present
Fe-SiOC composites can be explained as follows. Under irradiation, Fe
atoms (associated with Fe-rich clusters in the amorphous SiOC ceramic
matrix) are easily displaced compared to elements Si, C and O, due to
their larger displacement cross-section. More importantly, the displaced
Fe atoms can diffuse and reassemble into amorphous Fe-rich clusters after irradiation. In addition, the chemical reaction between metal (Fe) and
nonmetal (Si, C and O) elements could be activated under irradiation,
which leads to the formation of ionic bonds and thus increased strength.
This suggests that the amorphous Fe-SiOC ceramic composite, with high
strength, plasticity and thermal stability, as well as potential irradiation
tolerance, is a highly promising material for advanced nuclear reactors.
In our opinion, much more substantial improvements can be achieved if
the dimensions, chemical bonds and spatial patterns of Fe-rich clusters
in an amorphous ceramic matrix are further optimized.
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Conclusion
We fabricated two different metal–amorphous ceramic composites—FeSiOC (22 at.% Fe) and Cu-SiOC (21 at.% Cu) composites by magnetron
sputtering techniques. Iron atoms are preferred to form into uniformly
distributed nano-sized Fe-rich amorphous clusters, while copper atoms
are tend to grow as non-uniformly distributed nano-crystalline Cu particles, respectively. The Fe-SiOC composite exhibits high strength and plasticity with associated strain hardening, as well as good thermal stability
and irradiation tolerance. These exceptional properties can be attributed
to the uniformly distributed nano-sized Fe-rich clusters and the strong
bond strength between metal Fe and nonmetal Si, O and C. In contrast,
the Cu-SiOC composite displays a very low plasticity and poor thermal
stability, owing to the weak bond strength between metal Cu and nonmetal Si, O and C. These findings suggest that, when designing advanced
metal–amorphous ceramic composites, the metal constituents should be
selected according to the thermodynamics and bonding energy between
metal and non-metal elements in the amorphous ceramics.
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